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This study applied the three-dimensional finite different method (FDM) to

model a single pile subjected to passive loading due to a new embankment

in extensively soft soil. Four important parameters (pile bending stiffness,

distance between the long edge of the loading area and the pile (D),

embankment height, and cushion thickness) were investigated to evaluate

their effects on the deformations and stresses on the passive pile. The

displacement of the pile shaft, vertical displacement of the foundation soil,

excess pore water pressure (EPWP), and lateral earth pressure were analyzed.

The numerical results showed that the lateral displacement of the pile was

significantly affected by the four parameters. The maximum lateral

displacement decreased dramatically for the high-stiffness pile. A cushion

thickness of <1 m slightly increased the lateral displacement of the pile.

Increased D value and decreased embankment height significantly reduced

the lateral displacement of the pile. The vertical displacement of the loading

area was unaffected by pile stiffness. The distribution shape of the vertical

displacement was close to symmetrical with increasing D value. The

embankment height and cushion thickness significantly affected the vertical

displacement. Due to the low permeability of the foundation soil and short

construction time, the EPWP was not fully dissipated with varying pile stiffness

and D values. A decreased pile stiffness increased the lateral earth pressure at

the pile, while increasing embankment height and cushion thickness increased

the lateral earth pressure.
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Introduction

Pile foundations unavoidably experience lateral soil movement due to nearby

excavation, surcharge load, tunneling, and moving slopes, which differs from the

vertical (e.g., superstructure) and horizontal (e.g., wind) loads acting on the pile head.

Piles experiencing these forces are referred to as passive piles, the design of which

generally consider pile-soil relative stiffness, rotational constraints, and possible dragging

(Guo, 2003). Guo et al. (2017) reported that soil movement and profile were critical for

passive pile design. Particularly, the failure of passive piles was generally governed by

lateral deformation rather than the bearing capacity. The impact of lateral displacement is
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complex due to the complexity of pile-soil interactions. Many

studies have investigated the deformations and stresses of passive

piles under different situations.

Field tests (Ong, 2018), model tests (Sabbagh et al., 2019; Al-

abboodi et al., 2020; Karkush and Jaffar, 2020), theoretical studies

(Zhang et al., 2020a; Bellezza, 2020; Bai et al., 2021;

Ramalakshmi, 2021), and numerical analyses (Karim, 2013;

Karim et al., 2014; Abo-Youssef et al., 2021; Li et al., 2021;

Bai et al., 2022a) on passive piles have provided valuable results.

Karkush et al. (2020) conducted model tests to study single piles

adjacent to embankment construction and found that the vertical

load acting on top of the passive pile increased the soil resistance.

Zhang et al. (2020b) proposed a load transfer model for analyzing

the pile-soil interaction and provided a semi-analytical solution.

Al-abboodi and Sabbagh (2019) used Plaxis3D to investigate the

group piles under soil movement in sand layers and identified a

discrepancy between the predicted and test results. However, the

study did not properly consider the relative lateral displacement

between pile and soil and the density variation of sand. Cole

(2003) reported that passive characteristics were often neglected

in the design. The prediction methods lacked validation by field

test data. Therefore, field tests are essential to investigate passive

piles behavior. Yi and Liu (2022) performed field tests to study

the effects of embankment load on the behaviors of the adjacent

pile. Lateral deformation of the pile, lateral earth pressure, and

excess water pressure were measured and analyzed during the

construction of a 4 m thick embankment.

However, it is impractical to perform intensive field tests with

changing parameters due to limited time, high cost, and poor

repeatability (Bai et al., 2022b; Gu et al., 2022b; Shan et al., 2022;

Yuan et al., 2022). Numerical methods allow comparative

analyses by varying the parameters, which is a popular

approach to overcoming the disadvantages of field tests. Yang

et al. (2017) used 2D FEMmodels to conduct a parametric study.

The results showed that the displacement in pile top under fast

loading was about 1.4 times that under staged loading. Li et al.

(2019) performed a series of field tests and established a 3D FEM

model to analyze the behavior of piles subjected to surcharge

loading. They found that the earth pressure facing the loading

region was larger than that opposite the loading region. Zhang

and Sun (2020) analyzed the deformation and migration law of

soft soil for the pile under backfill surcharge using 3D FEM

models. The results showed that the distance should be >120 m
to reduce the impact of external load on the pile. Gu et al. (2022a)

reported the results of a comprehensive investigation of a passive

pile constructed in extensively deep soft soil using the three-

dimensional finite difference method. They reported a much

smaller horizontal resistance of the foundation soil compared to

the proposed value based on the design code in the situation of

large lateral deformations and high surcharge load.

The present study used the three-dimensional finite different

method (FDM) to conduct a parametric study of passive piles

subjected to adjacent surcharge load. The FDM model was

established based on the numerical model proposed by Gu

et al. (2022a), which was validated by the field measurements

provided by Yi and Liu (2022). A series of 3D FDM models was

developed to investigate the effect of four important factors (pile

bending stiffness, distance between the long edge of the loading

area and the pile, embankment height, and cushion thickness) on

the behavior of a single steel pipe pile installed in extensively soft

soil and subjected to adjacent surcharge loading.

Numerical simulation

The three-dimensional fast Lagrangian analysis of

continuum FLAC3D (Itasca, 2018) was applied to study the

behavior of a single pile installed in extensively soft soil under

surcharge loading. The details of the field test and numerical

model validated by the field test were described by Yi and Liu

(2022) and Gu et al. (2022a), respectively. Briefly, the field test

and numerical model applied in the present parametric study

were as follows. Table 1 summarizes the parameter of the FDM

models used to investigate the influence of the four important

factors (pile bending stiffness, distance between the long edge of

the loading area and pile, embankment height, and cushion

thickness) on the behavior of passive pile. The successive

values of four factors in the prototype FDM corresponding to

the field test were 1.61 GPa, 1m, 4.8m, and 1.0 m. When one of

the factors varied during the parametric study, the other factors

were the same as in the prototype.

Figure 1 shows a photograph and general layout of the field

test. A hollow cylindrical steel pipe pile with a 630 mm outer

diameter and 35 m length (welded in three parts during piling)

was manufactured to investigate the pile-soil interaction. The pile

was 1 m away from the edge of the loading area (D value = 1 m in

the real field test). Six inclinometer tubes 70 mm in outer

diameter and 30 m in length were prepared to monitor the

soil and pile deformation. Earth pressure cells and

piezometers were also used to measure the earth pressure and

pore water pressure (PWP), respectively. A 4-m high

embankment was constructed in five lifts (each lift was 0.8 m

thick and maintained for 3 days until the next lift) to simulate

surcharge loading. The embankment fill length, width, and slope

gradient were 24 m, 16 m, and 1:1.5, respectively. After all the

instruments and structures were installed, the embankment was

constructed (Bai et al., 2022b). The laws of lateral displacement of

the pile, vertical displacement, excess pore water pressure

(EPWP), and lateral earth pressure on the pile were

investigated according to the parametric change in FDM. The

monitored positions in the FDM are shown in Figure 1B.

Figure 2 shows the profile and plan view of the numerical

model in FDM that was calibrated against the real field test. The

model was 46 m wide, 50 m deep, and 162.63 long. A zone-type

element was used to simulate the foundation soil and surcharge

loading (modeled as elastic materials). The gravel, sandy silt, and
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silty sand all used the Mohr-Coulomb constitutive model, while

the Drucker-Prager constitutive model was used to model the

sea-land sedimentary silt and mud. The pile-type and shell-type

elements modeled as elastic materials were used to simulate the

inclinometer tubes and steel pipe pile, respectively. The

numerical model divided the 37 m of soft soil into six layers

to capture the actual soil properties. The bottom and side surfaces

of the foundation soil were fixed by normal velocity in the

FDM to simulate the actual boundary conditions in the field.

The zone-, pile- and shell-type elements were generated first, and

their properties were assigned according to Table 1. The initial

force balance of the model under gravity was conducted.

Underground water was then introduced by setting the water

table at 1 m below the ground surface. The PWP at the bottom

surface of the first layer was then set to zero in the numerical

model. Next, the fluid command was activated, and fluid balance

was conducted after the fluid properties were assigned. The fluid

density, modulus, and porosity were 1000 kg/m3, 2.18e9 Pa, and

0.60, respectively. The permeability of the second, third, fourth,

and fifth soil layers were 1e-10, 1e-8, 1e-2, and1e-2 m/s, respectively.

Surcharge loading was then carried out by activating the elastic

fill layer in stages. The information was recorded by writing the

fish function and history command.

Results and discussion

Based on the literature review and test results, the following

four critical factors were identified for a parametric study of the

behavior of a single pile subjected to surcharge loading in

extensively soft soil: 1) pile bending stiffness, 2) distance

between the long edge of the loading area and the pile (D), 3)

embankment height, and 4) cushion thickness.

Effect of pile stiffness

Figure 3 shows the variations in the lateral displacement of

the pile at depths for different bending stiffness after the fifth

loading. The lateral displacement at the ground surface increased

with increasing bending stiffness. The displacement of the pile

shaft decreased along the pile depth regardless of the bending

stiffness. The maximum lateral displacements were 189.40,

TABLE 1 Summary of FDM model parameters.

Pile stiffness (GPa) D (m) Embankment
height (m)

Cushion thickness (m)

Model 1 0.04 Model 7 1 Model 13 0.8 Model 19 0

Model 2 0.40 Model 8 5 Model 14 1.6 Model 20 0.5

Model 3 0.81 Model 9 9 Model 15 2.4 Model 21 1.0

Model 4 1.61 Model 10 13 Model 16 3.2 Model 22 1.5

Model 5 8.06 Model 11 17 Model 17 4.0 Model 23 2.0

Model 6 16.11 Model 12 21 Model 18 4.8 - -

FIGURE 1
Schematic diagram of the real field test: (A) construction
photograph; (B) general layout.
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198.74, 214.05, 236.11, 238.61, and 241.12 mm for bending

stiffnesses of 0.04, 0.4, 0.81, 1.61, 8.06, and 16.11 GPa,

respectively, and all appeared at the top of the pile. The

decrease in pile bending stiffness significantly decreased the

maximum lateral displacement of the pile compared to the

real field test model in the FDM (i.e., a bending stiffness of

1.61 GPa), while only a slight increase in maximum lateral

displacement was observed with increased bending stiffness.

The vertical movement of the soil mainly appeared in the

central loading area, as shown in Figure 4, and the distance

had already existed between the loading area and the pile; thus,

the soil movement pushing the pile was approximately 3 m below

the ground surface combined with displacement vector of the

foundation soil in the FDM. Therefore, the high-stiffness pile

pushed by soil movement increased the maximum displacement,

while the low-stiffness pile was the opposite due to gravel with

relatively high performance in the first layer. However, the lateral

displacement of the pile was almost unchanged at depths >8 m.

Figure 4 shows the variation in the final vertical displacement

of the foundation soil at the ground surface in the loading area for

different pile bending stiffnesses. The A-A section (short edge of

the loading area) and the B-B section (center of the loading area)

were monitored and shown in Figure 1. As shown in Figure 4A,

the settlement (i.e., positive values) developed in the middle zone

of the A-A section, with a distribution length of 12 m. In contrast,

the corner of the A-A section developed an uplift (i.e., negative

values) of 4 m in width. The distribution of vertical displacement

was basically symmetrical in the A-A section due to its position

away from the pile compared to the B-B section. Contrarily, the

distribution of vertical displacement in the B-B section was not

symmetrical due to its close proximity to the pile. The maximum

settlement values in the A-A section were 108.68, 108.21, 107.78,

111.46, 110.72, and 110.26 mm for bending stiffnesses of 0.04,

0.4, 0.81, 1.61, 8.06, and 16.11 GPa, respectively. The maximum

average uplift values were 74.50, 73.84, 74.08, 78.40, 78.48, and

78.17 mm bending stiffnesses of 0.04, 0.4, 0.81, 1.61, 8.06, and

16.11 GPa, respectively. As shown in Figure 4B, only positive

values (i.e., settlement) were observed in the B-B section and were

FIGURE 2
3D FDM model of the real field test: (A) profile view; (B) plan view.

FIGURE 3
Lateral displacements of pile shafts with different bending
stiffnesses after the fifth loading.
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generally larger than those in the A-A section. The maximum

settlement values in the B-B section were 520.65, 517.93, 517.51,

535.50, 533.28, and 531.21 mm for bending stiffnesses of 0.04,

0.4, 0.81, 1.61, 8.06, and 16.11 GPa, respectively. The vertical

displacement for the low-stiffness pile in the B-B section was

slightly larger than that of the high-stiffness pile, with a

maximum variation of about 3.4% for a bending stiffness

increase from 0.81 to 1.61 GPa. Therefore, the pile bending

stiffness slightly impacted the final vertical displacement of

the foundation soil at the ground surface in the loading area.

Figure 5 shows the excess pore water pressure (EPWP) versus

the construction time for different bending stiffness. The

monitored position of PWP was 1 m below the water table, as

shown in Figure 1B). The EPWPs increased rapidly after the

placement of each new lift and then slowly dissipated with time.

The EPWP may not completely dissipate due to the extremely

low permeability of the foundation soil and the limitation of

construction time. Therefore, the EPWP continuously

accumulated after each new lift was placed. The tendencies

and values of EPWP at different bending stiffness were

similar. Using a bending stiffness of 11.61 GPa as an example,

the EPWP increments were approximately 33.9, 23.2, 12.2, 8.0,

and 4.5 kPa after each lift loading, respectively. The EPWP

increment decreased significantly and was nonlinear with

increased surcharge loading. The results showed that the

EPWP was nearly not dependent on the bending stiffness.

Figure 6 shows the variation in the lateral earth pressure with

depth for different bending stiffness after the fifth loading. The

lateral earth pressure acting at the pile was selected from the

horizontal stress of the adjacent foundation soil zone in the

numerical model. Lateral earth pressures at depths >2 m depth

were almost unchanged for different bending stiffness, except for

a bending stiffness of 0.04 GPa. The lateral earth pressure <2 m of

ground surface decreased with increasing bending stiffness. The

increment of lateral earth pressure <2 m of the ground surface

reduced with increasing bending stiffness. Particularly, the lateral

earth pressure changed slightly as the bending stiffness increased

FIGURE 4
Foundation soil final vertical displacement in the bottom
surface of the loading area at different pile bending stiffnesses at
the (A) A-A and (B) B-B sections.

FIGURE 5
Variation in EPWP with construction time for different
bending stiffnesses.

FIGURE 6
Distribution of lateral earth pressure with depth at different
bending stiffnesses after the fifth loading.
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from 8.06 to 16.11 GPa. The lateral earth pressure values for the

bending stiffness of 0.04 GPa were positive for different depths

and typically increased with increased depth at the end of the fifth

lift loading. The lateral earth pressure values for all bending

stiffnesses were negative at a depth of 9 m, except for the bending

stiffness of 0.04 GPa. The suction effect may explain the negative

earth pressure, mainly in piles with relatively high bending

stiffnesses.

Effect of D

The foundation soil directly contacted and pushed the

passive pile under the surcharge load. The distance between

the long edge of the loading area and the pile (D = 1, 5, 9, 13,

17, and 21 m) was important and selected as the critical factor

in investigating its influence on the passive pile. Figure 7

shows the variations in lateral displacement with depth for

different D values after the fifth loading. The lateral

displacements of the pile for different D values decreased

with increasing depth, with the fastest lateral displacement

reduction rate observed at depths >10 m. The lateral

displacement reduction rate of the pile was relatively slow

at depts of 10–20 m; moreover, the lateral displacement of the

pile did not change significantly with increasing D value for

depths >20 m. Both the lateral displacement of the pile and its

reduction rate decreased with increasing D value. The

maximum lateral displacements of the pile were at the

ground surface regardless of the D value, at 236.11, 144.13,

94.01, 68.10, 50.32, and 39.88 mm forD values of 1, 5, 9, 13, 17,

and 21 m, respectively.

Figure 8 shows the variations in the final vertical

displacement of the foundation soil at the ground surface in

the loading area for different D values. The shapes of settlement

(i.e., positive values) and uplift (i.e., negative values) in Figure 8

are similar to those in Figure 4. The maximum settlement values

in the A-A section were 111.46, 111.09, 110.54, 108.95, 107.03,

and 104.30 mm for D values of 1, 5, 9, 13, 17, and 21 m,

respectively. The maximum average uplift values were 78.40,

71.82, 72.25, 72.54, 73.50, and 75.16 mm for D values of 1, 5, 9,

13, 17, and 21 m, respectively. The maximum settlement values

in the B-B section were 517.51, 559.34, 554.20, 551.29, 548.81,

FIGURE 7
Lateral displacement of the pile shaft for different D values
after the fifth loading.

FIGURE 8
Foundation soil final vertical displacement in the bottom
surface of the loading area for different D values at the (A) A-A and
(B) B-B sections.

FIGURE 9
Variation in EPWP with construction time for different D
values.
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and 545.76 mm for D values of 1, 5, 9, 13, 17, and 21 m,

respectively. The maximum settlement value in the A-A

section decreased slightly with increased D value, except in

the uplift zone. The maximum settlement value in the B-B

section decreased slightly with increased D values except for

the D value at 1 m. The vertical displacement shape for both

sections tended to be symmetrical with increasing D value due to

the gradually increasing distance of the loading area from

the pile.

Figure 9 shows the EPWP versus the construction time for

different D values. The change in EPWP for different D values

was slight, at approximately 33, 57, 69, 76, and 80 kPa at the

end of each lift for different D values. The changes in EPWP

were approximately 33, 24, 12, 7, and 4 kPa after each lift

loading, respectively. The EPWP decreased with increasing

surcharge loading. The EPWP increased significantly

after each new lift loading and then dissipated to a value

within the maintenance time of 3 days due to the closing of the

water table. The value of the EPWP accumulated after

each new lift loading due to the extremely low permeability

and limitation of construction time. The results showed

that the distance between the long edge of the loading area

and pile D slightly affected the EPWP generation and

dissipation.

Figure 10 shows the variation in lateral earth pressure with

depth at different D values after the fifth loading. Lateral earth

pressures at 2–15 m depth increased with increasing D values

except for the D value at 1 m. At depths of 15–25 m, the

pressures decreased slightly with increasing D values. The

lateral earth pressure was almost unchanged at different D

values for other depths. Due to the existing pile, the lateral

earth pressure changed irregularly when the loading area was

close to the pile; i.e., a D value of 1 m. The lateral earth

pressure for all D values was negative at a depth of

approximately 9 m depth to the suction effect. Therefore,

the D value significantly affected the lateral earth pressure

on the pile.

FIGURE 10
Distribution of earth pressure with depth for different D
values after the fifth loading.

FIGURE 11
Lateral displacement of the pile shaft for different
embankment heights.

FIGURE 12
Foundation soil final vertical displacement in the
embankment’s bottom surface under different embankment
heights at the (A) A-A and (B) B-B sections.
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Effect of embankment height

Figure 11 shows the lateral displacement of the pile

according to depth and embankment height. Each load

(maintained for 3 days) equaled an embankment height of

0.8 m on the loading area until the total height reached the

desired embankment height. The embankment height

significantly affected the lateral displacement of the pile,

especially at ground level. The maximum lateral

displacement values for embankment heights of 0.8, 1.6, 2.4,

3.2, 4.0, and 4.8 m were 25.82, 72.47, 136.96, 194.27, 236.11, and

278.72 mm, respectively. The maximum lateral displacement

was at the top of the pile. The lateral displacement and its

increment increased and decreased with the increasing

embankment height, respectively. The lateral displacement

decreased with increasing depth, with the fastest reduction at

depths of >10 m depth.

Figure 12 shows the variation in the final vertical

displacement of the foundation soil at ground level in the

loading area for different embankment heights. As shown in

Figure 12A, the settlement (i.e., positive value) and uplift

(i.e., negative value) in the A-A section increased with

increasing embankment height. For example, the maximum

settlement value in the A-A section increased from 18.17 to

123.98 mm as the embankment height increased from 0.8 to

4.8 m, and from 11.30 to 89.13 mm as the embankment height

increased from 0.8 to 4.8 m. As shown in Figure 12B, all

displacement values in the B-B section were positive

(i.e., settlement). The settlement increased with increasing

embankment height. The maximum settlement value in the

B-B section increased from 68.73 to 673.72 mm as the

embankment height increased from 0.8 to 4.8 m. Therefore,

the vertical displacement in the loading area was sensitive to

the embankment height.

Figure 13 shows the variation in EPWP with construction

time for different embankment heights. The EPWP increased

increasing embankment height. The EPWP values after the

construction of embankment heights of 0.8, 1.6, 2.4, 3.2, 4.0,

and 4.8 m were 33.78, 58.03, 72.18, 81.29, 87.71,

and 91.30 kPa, respectively. Due to the position closing

the water table and low permeability, the EPWP

dissipated. Therefore, the EPWP depended on the

embankment height.

Figure 14 shows the variation in lateral earth pressure with

depth at different embankment heights at the end of loading.

The lateral earth pressures at depths of 2–15 m increased with

increasing embankment height, while depths <15 m changed

slightly with changing embankment height. The biggest

change was at a depth of 9 m due to stress concentration.

The lateral earth pressure values for all embankment heights

FIGURE 13
Variation in EPWP with construction time for different
embankment heights.

FIGURE 14
Distribution of earth pressure with depth at different
embankment heights at the end of loading.

FIGURE 15
Lateral displacement of the pile shaft for different cushion
thicknesses at the end of loading.
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were negative values at a depth of approximately 9 m due to

the suction effect. Therefore, the embankment height

significantly impacted the lateral earth pressure on the pile.

Effect of cushion thickness

In the real field test, a 1 m thick gravel cushion was placed

on the ground surface as the first layer. This section discusses

the effect of the replacement method on improving the

foundation; i.e., the influence of the thickness of the soil

replacement cushion. Figure 15 shows the lateral

displacement of the pile shaft for different cushion

thicknesses. The lateral displacement of the pile increased

with increasing cushion thickness. The lateral displacements

at the top of the pile for cushion thicknesses of 0, 0.5, 1.0, 1.5,

and 2.0 m were 255.40, 241.21, 236.11, 154.48, and 133.80 mm,

respectively. The lateral displacement of the pile decreased

significantly with increasing cushion thickness from 1 to

1.5 m. The lateral displacement showed a relatively large

decrease with increasing cushion thickness from 1.5 m to

2.0 m. However, the lateral displacement reduction was slight

for increasing cushion thickness from 0 to 1 m. These findings

demonstrated an effective cushion thickness of 1.5 m based on

the measurements of lateral displacement.

Figure 16 shows the variation in the final vertical

displacement of the foundation soil at the ground surface in

the loading area for different embankment heights. As shown in

Figure 16A, the settlement and uplift values increased with

increased cushion thickness from 0 to 1 m and decreased with

an increased cushion thickness from 1 to 2 m. As shown in

Figure 16B), the settlement value decreased with increased

cushion thickness from 1 to 2 m and was stable with

increased cushion thickness from 0 to 1 m. The vertical

displacement was negative in section B-B at a cushion

FIGURE 16
Foundation soil final vertical displacement in the
embankment’s bottom surface under different embankment
heights at the (A) A-A and (B) B-B sections.

FIGURE 17
Variation in EPWP with construction time for different
cushion thicknesses.

FIGURE 18
Distribution of earth pressure with depth for different cushion
thicknesses at the end of loading.
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thickness of 2 m. Thus, cushion thickness improved the vertical

displacement of the loading area.

Figure 17 shows the variation in EPWPwith construction time

for different cushion thicknesses. All EPWP increased significantly

after each lift loading and dissipated due to low permeability and

the limitation of construction time. The increase in cushion

thickness from 1 to 2 m resulted in decreased EPWPs;

moreover, a decrease in cushion thickness from 1 to 0 m also

decreased the EPWP. However, the change in EPWP was slight

when the cushion thickness decreased from 0.5 to 0 m, which can

be attributed to a change in drainage capacity with increasing

cushion thickness. The thin cushion did not carry the load at a

shallow depth (i.e., 2 m from the ground surface).

Figure 18 shows the variation in lateral earth pressure with

depth for different cushion thicknesses at the end of loading. The

lateral earth pressure at a depth of 6–12 m decreased with

increasing cushion thickness, while its value at <12 m depth

slightly changed changes in cushion thickness. However, a slight

decrease in lateral earth pressure at a depth of 6–12 m depth was

observed when the cushion thickness decreased from 1 to 0 m.

The biggest change was observed at a depth of 9 m due to the

stress concentration. The lateral earth pressure values for all

cushion thicknesses were negative at depths of approximately

9 m depth due to the suction effect. Therefore, the cushion

thickness slightly affected the lateral earth pressure on the pile

at cushion thicknesses <1 m.

Conclusion

This study investigated four essential factors (pile bending

stiffness, distance between the long edge of the loading area

and pile D, embankment height, and cushion thickness) in a

series of three-dimensional finite element method (FEM)

models to assess their effects on the characteristic of a

single pile installed in extensively soft soil and subjected to

passive loading due to the adjacent surcharge load. Based on

the results obtained from the numerical models, the following

conclusions can be drawn:

1) Compared to the real field test modeled in FDM, decreased

and increased bending stiffness significantly reduced and

slightly increased the pile’s maximum lateral displacement,

respectively. The effect of cushion thickness on lateral

displacement was contrary to the bending stiffness.

Increased D value and decreased embankment height

remarkably decreased the pile’s lateral displacement.

2) Variation in pile bending stiffness did not affect the vertical

displacement at the ground surface in the loading area.

Increased D values made the distribution shape of the

vertical displacement closer to symmetrical. The

embankment height and cushion thickness significantly

affected the vertical displacement.

3) Due to the low permeability of the foundation soil and the

limitation of the construction time, variation in pile bending

stiffness and D value hardly affected EPWP dissipation and

generation. Increased embankment height increased

the EPWP.

4) Pile bending stiffness significantly affected the lateral earth

pressure, with increasing stiffness decreasing the pressure.

Decreased D values up to 1 m increased the lateral earth

pressure. The embankment height significantly affected the

lateral earth pressure. A cushion thickness of <1 m did not

affect the lateral earth pressure.
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